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localization of a ra d jo ac ti v k solitce 
within a rodv of a subject 

5 RELATED API 1 tj CATIONS 

The present application claims the bens:fii under 35 (JSC U9{c) of U.S. Pro-visional 
Application No. 60/600,72? filed on August 12, 2004;entitlcd "McdicaJ Navigation System 
Base on Differential Sensor": 19,792 filed on October 19, 2004, entitled "Using a Catheter 

or Chiidewire Tracking System :". and 60/61 9,897 fifed on October 1% 2fJ«4, entitled 

10 'TJsing a Radioactive Sounds as Ihe Tracked,.,,:", the disclosure s of which are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to location and tracking of a source of ioilizittg radiation, 
for example within a tody of a subject. 
1 5 BACKGROUND OF THE INVENTION 

Existing technique-is for intrabcidy tracking nchide direct video imaging using a 
Laparoscope; fluoroscopy (psi-formance of the procedure under continuous or periodic X-Ray 
imaging); electromagnetic tracking, optical tracking computerised tomography (CT) tracking 
and ultrasonic image assisted Lraekiag, Some of these techniques explicitly avoid ionizing 
20 radiation. Those techniques which employ ionizing radiation, such as fluoroscopy and CT ; 
require sufficient amounts of fonizing radiation that radiation exposure for subjecis and 
medical staff is a subject of concern. 

Some applications which require intrabody tracking, such as cardiac catheterization, 
require concurrently acquired images because the tissue through which the tracked medical 
25 device is being navigated moves frequently, Other applications which require intrabody 
tracking, such as mrracranial procedures, are more amenable io the use of pre- acquired izaages 
because the Te levant tissue is relatively static, 

SUMMARY OF THE INVENTION 
An aspect of some embodiment of the present invention relates to using ionizing 
30 radiation from si source in order to detect ite position, optionally in or near the body of a 
subject, without production of an image. Optionally, the source- is integrally formed with or 
attached to a medical device. Medical devils include, hut &rc net limited to, tools, implants* 
navigational instruments and ducts. 

1 
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In a.r. exemplary embodiment of 1he invention, position of the source is determined by 
non-imaging data acquisition. Far purposes of this specification and the accompanying cJaims, 
the phrase ''n on -imaging" indicates data acquired independent of an image acquisition process 
that includes the source anil anatomical or other, non-source features, in a same image. 
5 Optionally, position is determined using a sensor which has angular sensitivity resulting 

in a detectable change in output resulting fioui radiation detection according to s.n effective 
angle of incidence of radiation from the source,. Greater sensitivity in effective angle of 
incidence provides greater efficiency of Lhe position delerrnination in lerms of speed and 
accuracy. Embodiments with an angular range of less than ±100 milliradians, optional [y less 
10 than ±50 m.illiradians are disclosed. In an exemplary embodiment of the invention, greater 
sensitivity to cftc stive angle of incidence can be achieved by moving a radiation de Lector 
and' ; or a shield. 

Optionally, the source of ionizing radiation has an activity in the range of O.OlmCi to 
O.fmCL Opiionilly, -the source of ionizing radiation has an activity fess than O.J mCi. 
15 Optionally, the source of ionizing radiation lias an activity of about 0.05 mCi. In an exemplary 
embodiment of the invention, a radiation source which poses no significant health risk to a 
patient (i.e short term exposure) and/or medical personnel (i,e. long term exposure) niay be 
employed. 

Optionally, the refresh rate for the Location data insures that the locational information 
20 is temporally well correlated to the actual location of a tracked object (e,<t. medical device). 
Recommended refresh rales vary according to the speed at which the tracked object moves and 
according to the environment in which the tracked object moves. In an exemplary embodiment 
of the invention, tor tracking of medical devices Through body parts which arc more static, such 
as brain or digestive tract, lower refresh rates, for example 10 trmcs/gecond may be adequate. 
25 In embodiments for tracking of medical devices through body parts which move frequently, 
such as the heart, higher refresh rates,, jot example 20 times/second may be desirable. 
Optionally, gating to an HCG output may be implemented SO that positions from, selected 
cardiac cycle phases are plotted. 

Optionally, the RMS error of a calculated position of the source of ionizing radiation is 
30 less then 10mm. optionally less than 5 mm. optionally less than 2 mm, optionally less than 1 
mm, optionally 0.5 to O.fi mm or better. 

Variables which Tmty influence Che accuracy of detennined position^) include activity 
of the soutcc in DPM> Hie accuracy and'or response time of r&diarir>n sensnre employed for 
detection, and the speed of the implanted medical device. Improvement in one or more of these 
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variables nay compensate for on? or more othsr variables:. Optionally, reducing the speed of a 
tracked medical device may be employed to compensate for other variable. Optionally, 
location information m displayed in the contest of anatomical imaging data. Optionally, 
relevant anatomical features are highlighted to facilitate navigation of the medical device by 
medical personnel. Optionally, determined positions may be displayed in the context of a 
separately acquired image, 

Optionally, two or more sources may be tracked concurrently, Optionally, inulli- source 
tiae"dr_g is nsed in deiermining orientation of an asymmetric medical device. Optionally, multi- 
source tracking is used in coordinating activity of two or more medical devices for a medical 
procedure. 

An aspect of some embodiments of the present invention relates to using a sensor with 
angular sensitivity to detect a direction towards a source of ionizing radiation. Optionally, two 
or rhi'ce or mnre dLrections are determined, either concurrently or successively, so that a 
position may be determined by calc dating- an interaction of the directions. If three or more 
directions are employed, the location may be expressed as a three dimensional portion. 
Optionally, a direction is usee to determine a plane in which the source resides. 

Optionally, sensors ibr detection of radiation from the source achieve the desired 
angular sensitivity by rotation of at. IcasL a portion of the sensor about an axis through a rotation 
angle. For example, detectors or radiation shields may be rotated, Alternately or additionally, 
sensors may achieve the desired angular sensitivity by translarionai motion. 

An aspect of some embodiments of tie present invention relates Lo a sensor Willi an 
angular sensitivity which causes changes in an output signal from at least one radiation detector 
in response to an effective angle of incidence between the detector and a source. A target value 
of Lhs output signal is achieved at an angle indicating the direction towards the source. The 
direction is optionally used to detennme a plane in which the source resides. 

Optionally the sensor may include more than one radiation detector, each radiation 
detector having a Reparole output signal. Optionally, one or more radiation shield* may be 
employed to shield or sbadow at least a portion of at least one of the radiation detectors from 
incident radiation. The degree of shielding changes as deviation trorn the angle indicating a 
direction towards che source occurs and the output signal varies according to the degree of 
shielding* 

Optionally, multiple radiation shields arc employed in concert to form a collimator. The 
radiation shields may he either parallel to one another or skewed inwards. Optionally, the 
multiple radiation shield, whether parallel or skewed, may be rotated. 
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Optionally, the deviation from target ouLput is 1% of the output range per miiliradLan of 
angular displacement away from an angle indicating a direction towards the source. Optionally 
deviation in output indicates direction of deviation as well as magnitude of deviation. 
According to various embodiments of the invention, radiation detectors and /or radiation shields 
5 may be displaced to impart angular sensitivity. This displacement may be rotational and/or 
translE-tfonal. 

An Aspect of" some embodiments of the present invention relates to a computerized 
system for locating a medical device, optionally within a body of a subject by using angular 
sensitivity of a sensor module to determine a direction, Tfrz sensor module measures incident 
10 radiation on one or more radiation detectors ► Incident radiation produces an output signal 
which ia Lroislaled to directional information by the system. 

An aspect of some embodiments of the invention relates to association of a source of 
ionizing radiation vri£h a medical device to facilita^ detemiinarion of a loeation of the device, 
optionally as the device is navigated within or near a subject's body during a medical 
15 procedure. Optionally, the source of ionizing radiation has an activity in the range of O.Glir.Ci 
to 0.5mCi. Optionally, the source of ionizing radiation has an activity less than 0.1 rnCi 
Option ally ? the source of ionising radiation has an activity of about 0.05 mCi. Association 
includes integrally forming Hie source and the device as a single unit. Association also includes 
attaching the source to the device. Optionally, the source is concentrated in un aieu having a 
20 largest dimension leys than 10 mm, opliunalLy less than 5mm, optionally Lass than 2.5 mm. 
optionally leas than 1mm. 

An aspect of some embodiments of the invention relates to use of an ionizing radiation 
source with an activity of 0.1 mCi or less as a target for non imaging localization or tracking, 
optionally in a medical context The source of ionizing radiation is selected to reduce a 
25 biological effect on the patient and/or medical personnel. This selection invo Ives consideration 
of radiation strength, radiation type and/or amount of exposure time (e.g. time in the body for a 
patient undergoing a procedure). Alternatively oi additionally, radiation sources which are 
constructed oi biocompatible material and/ot coated with biocompatible coalings may be 
employed, 

30 Li an exemplary embodiment of the invent j en, a computerized system for tracking and 

locating a, source of ionizing radiationis provided. 'J 'he system comprising: 

(a) at least one non-rrcaging sensor module comprising at least one radiation 
detector, the at least one radiation detector capable of receiving ionizing radiation trom the 
radiation source and producing an output signal; and 
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(b) the CI J U dcs^ned end conl : igurcd 10 receive the output signal and translate the 
output signa,: to directional information. 

Optionally, tlie somce of radiation is mLegraf]y formed with or attached to (l medical 

device. 

5 Optionally, the at least one sensor module includes at least two censor modules. 

Optionally, the at least two sensor modules includes at least three sensor modules. 
Optionally, the aL least one of [he at legist one sensor module further comprises a 
locomotion device capable of imparting translational motion to the sensor module so that the 
sensor module in moved lo a new location. 
1 0 Optionally, the locomotion device is operable "by a transitional motion signal from the 

CPU. 

Optionally, the system £4ditiou&lly comprises an imaging module, the imaging module 
capable of providing an iina&e signs.: to the CPU, the CPU capable of translating trw image 
signal to an image of a portion of the body of tlie subject 
1 5 Optionally, the system further comprises a display device. 

Optionally, the display device- is capable of displaying the image of the poitioti of the 
body of the subject with a determined position of the medical device superimposed on The 
image of the portion of the body of the subject. 

Optionally, the CPU receives at least two of the output signals and computes a position 
20 of the radiation source based on the output signals., 

Optionally, the CPU receives at least three of the output signals and computes a 
position of the radiation source based on the at least three output signals. 

Optionally, wherein tlie CPU computes the position repeatedly at inter* ate so that a 
position of the radiation source as a function of time may be plotted. 
25 Optionally, wherein the radiation source employs an isotope with a half life in the range 

of 6 to IS months. 

Optionally, r.^e system further, comprises additionally comprising the radiation source 
capable of providing the radiation. 

Optionally, the directional infbrnLQrion is produced when the source hs,s an activity in 
30 the range of 0.01 mCi no C.5mCL 

In an exemplary embodiment of the invention, a sensor for directionally locating an 
ionizing radiation source is provided. The sensor comprises: 

(a) at least one functional component; and 
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(» li displacement mechanism which imparts angular sensilivhv to tlie sensor by 
moving Lhe at leasL one functional component. 

Optionally, the at leas': one functional component comprismg' at least onu radiation 
detector, the at least one radial ion detector capable of receiving rad.Lat.5on from the radiation 
5 source and producing an output signal; 

wherein tb.3 displacement mechanism is capable of rotating the at least one radiation 
detector through a rotation angle so that the output signal varies with the rotation angle. 

Optionally, the at least one radiation detector comprises at least one lirst radiation 
detector and at least one second radiation detector and tha output signal comprises at least one 
10 first output signal from the at Least one first radiation detector and at least one second output 
signal from the at feast one: second ladicEi on detector. 

Optionally, the sensor comprises at least one radiation shield installed at a frxerl angfe 
with respect to the at least one fust radiation detector and the at least one second radiation 
detector so that a magnitude of the first output signal from the at least one first radiation 
15 detector and a magnitude of the sscond oil 1 . put signa 1 - from the second Tadiatjon detector vary 
with the rotation angle. 

Optionally, the sensor comprises: 

(a) at least one iirst radiation detector and al lsssL one second radiation detector, 
each of the at le^sl one first radiation detector and at least one second radiation dek.-ctor 

20 capahle of receiving radiation from the radiation source rnd producing at leasL one first output 
signEd from the at least one first radiation detector and at least one second output, signal from 
the al least one (second radiation de lector; 

(b) at J east one radiation shield, the radiation shield rotatable about an axis of 
shield rotation through an angle of shield rotation, so that a magnitude of the first output signal 

25 from the at Least one first radiation detector and a magnitude of the second output signal from 
the second radiation detector each vary with the angle of shield rotation. 
Optionally, the at least one radiation shield comprises: 

(i) a primary radiation shield located between the auL least one first radiation 
detector and the at least one second radiation detector; 
30 (ii) at least one first additional radiation shield deployed lo interfere with incident 

radiation directed towards the at least one first radiation detector; and 

(iii) at bast one second additional radiation shield deployed to interfere with 
incident radiation directed towards the at least one second radiation detector. 
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(Optionally, wherein the at Least one first additional radiation shield and the ai laasi one 
second additional radiation shield are each inclined towards the primary radiation shield. 

Optionally, wherein the at least one first radiation detector and the at [east one second 
radiation deLecfor are organized m pairs, each pan having a first member and a second member 
5 and each radiation shield of the primary and additional radiation shields is locked between one 
of the first member and one of the second member of one of the pairs so that the output signal 
varies wfth the rotation angle. 

Optionally, the sensor is additionally capable of revolving the at least a functional 
component: about an axis of revolution through an angle of revolution. 
10 In an exemplary embodiment of the invention, a method of determining a location of a 

tfevice is provided. The method comprises: 

(a) providing a device having a radiation source associated therewith; 

(b) determining a direction towards the radiation source; 

(c) further dei^mining at least a second direction towards the radiation SOurCC; 

15 (d) locate the device by calculating an tatersection of the first direction and the at 

least a second direction. 

Optionally, the further determining at least a second direction towards the radiation 
source includes determining at least a third direction towards Lhe radiation source and 
additionally comprising: 

20 (e) calculating a point of iniers action of the first direction, the second direction and 

the at least a third direction. 

In an exemplary embodiment of the invention, a method of manufacturing a trackable 
medical device- is provided, "lhe method comprises Incorporating into or iixculy attaching a 
detectable amount of a radioactive isotope to the medica] device, 
2.S Optionally 4 the detectable amount is in the range of O.OlrnCi to 0.5mCi, 

Optionally, the detectable amount is 0, 1 mCi or less. 
Optionally, the detectable amount is 0.05 mCi or less. 
Optionally, the isotope is Iridium -192, 

An aspect of some embodiments of the invention relates to use of an j on i^jbg radiation 
30 source with an activity of 0, 1 mCi or less as a target for non imaging localization or tracking. 

URTF,F DESCRIPTION OF FiGLK.ES 
In the Figure^ identical simctures, elements or parts that appear in more than one 
Figure are generally leveled with the same numeral in all the Figures hi which they appear. 
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Dimensions of components said features shown in the Figures are chosen for coiwemunee and 
olariLy of presentation and are not nec essarily shown 10 scale. The Figures arc listed below. 

Fig. i is a side view of one embodiment of a sensor module according ic an exemplary 
cmbodimen'. of die prese nt invention; 
5 big. 2 is a schematic representation of a computerized tracking system according to an 

exemplar embodiment of tlie present invention; 

Fig. 3 :9 it side view of an additional embodiment of a sensor module according to an 
exemplary embodiment of the present invention illustrating receipt of a signet by the module; 

Fig. 4 is a perspective view of a computerized tracking system according to an 
10 exemplary embodiment of the present invention illustrating one possible arrangement of sensor 
modules with respect to a patient: 

Fig. 5 is a side view of another additional embodiment of a sensor module according to 
an exemplary embodiment of the present invention; 

Figs. 6 A and 613 are side views of further additional embodiments of a sensor module 
1 5 accord ing io exemp lary e mbodiments of the present invent i on ; 

Figs, 7 A and 7B are graphs of simulated response Lime and simulated mis position error 
respectively plotted as a function of sensor rotation per photon impact using a system 
according to an exemplary embodiment of the present invention; 

Fig a. SA and KB are graphs of simulated response Lime aixlsimtiktedrms position error 
20 respectively plotted as a function oif sampling lime using ? r system according to an exemplary 
embodiment of me present invention; 

Figs. 9 A and 9B are graphs of simulated response time and simulated rms position error 
respectively plotted as a function of specific activity of a radioactive signal source using a 
system according to an exemplary embodiment of the present invention; 
25 Fig. TOA is a graph of position as a function of time. Simulated position output from a 

system according to an exemplary embodiment of the present invention is overlaid on a plot of 
actual input position for tlie simulation; 

Fig, lOBis a graph of -ms position error plotted as a function of time based upon the 
two plots of Fig. lOA; 

30 Fig. 1 J is a simplified flow diagram of a method according to exemplary embodiments 

of the pres en L invent! on; and " 

Fig. 1 1 is a graph of sensor output as el function of rotation angle. 
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DETAILED DESCRIPT1 ON OF EMBODIMENTS 

According to one embodiment of the invention (Figures 2 and 4), a computerized 
system 40 locales and/or tracks a device, in the embodiment depicted In Figure 4. (lie device is 
a metiical device. Medical devices include, but are not limited to, toots. Implants^ navigational 
5 imstniments and ducts. Tools include, but are nut limited to, catheters, cauuiae. trocar, cutting 
implements, grasping Implements and positioning impleiuoms. Implants include* bit are not 
limited to 7 brachytherapy seeds, stents and sustained release medication packets > Navigational 
instruments ir.clude, "nut are not Ifm rted to, guide wires. Ducts include, but are nuL limited to f 
Cubing (e.g. esophageal tubes and tracheal tubes). In exemplary embodiments of the invention, 

1 0 one cr more moving toots are tracked. 

In an exemplary embodiment of the invention, position of the source is determined by 
non-imaging data acquisition. For purposes of this specification and the accompanying claims, 
the phrase "non- imaging" indicates data not acquired as part of an image acquisition process 
that includes the source and anatomical or other non-source features ir. a same image. 

15 Optionally, a sender which is not suitable for and not connected to imaging circuitry is 
amp toyed- bu aging relics upon information about many points, hicluding at least one point of 
intc-vcsl, Emd tmane analysis of the information determines characteristics of the point(s) of 
interest, for example position relative to an object. In an exemplary embodiment of the 
invention, position sensing provides information only about the source. This can improve 

20 detecfability and/or accuracy. 

Optionally, the medical device is at least partially within a body of a subject 54 during 
at least part: of Lhe path upon which its location is determined In Figure 4, an exemplary 
embodiment in which system 40 is configured to track a device through the head of subject 54 
during an intracranial medical procedure is depicted, This drawing is purely illustrative and 

25 3 h ould not "b e consir u zc\ as a limitati on of lhe s cope of the invent! on, 

I'igure 2 shows an sinbodirasnt of system 40 including three sensor modules 20 which 
rely on angular detenion acting in concert to determine a location of radioactive source 38. In 
the pictured embodiment, each of sensors 20 determines an angle of rotation 32 indicating a 
direction towards source 33. This angle of rotation 32 [Figure 1) defines a plane in which 

30 source 38 resides and which crosses radiation detector 22. Angle of rotaLion 32 is provided as 
an output signal 34 which is relayed to computerized processing unit (CPU) 42. CPU 42 
determines an intersection of the three directions (ji lanes) which is expressed a& a point. 

According to some embodiments of the invention, a source 3S located within the 
"boundaries 24 of detection (Tigum 1) of sensor 20 may be accurately located by .system 40 as 
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radiation detector 22 of senscT module 20 is related through a series of rotate on jangles 32. A 
source 38 ] oca Led outside of boundaries 24 will not be accurately located. For this reason, it is 
desirable, in some embodiments, that each of sensors 20 is deployed so that the predicted path 
of source 38 lies within boundaries 24. According to some embodiments of the invention. 
5 sensor 20 may move to keep source 38 within boundaries 24. The sizz and shape of boundaries 
24 vary according to the configuration of sensor 20. 

Accuracy of determination of target rotation angle 12 comrrbutes to accuracy of the 
location of source 38 as determined by system 40. Various modifications to sensor module 20 
which can increase the sensitivity lo small differences in rotation angJe 32 arc depicted as 
10 exemplary embodiments in Figures 3, 5, 6A and 6B and explained In greater detail 
hcreinbelow. 

Figure 4 provides a perspective view of an exemplary system 40 which employs 
angular detection and includes Ihree sensor modules 20 dispersed upon the circumference of a 
circle 58, hi the pictured embodiment, modules 20 feature radiation shields 3 fl. In the pictured 

15 embodiment, each module 20 rotates about an axis tangent to circ]e 58- This rotation allows 
tracking of the medical device as explained in greater derail hereinbelow. According to various 
embodiments oi'thz mventio^ rotational motion or trans lational motion may be employed to 
facilitate the desired angular detection. According io the embodiment depicted in Figure 4, 
sensor modules 20 are situated below the head of subject 54 such that the vertical distance 

2(] between the plane of sensor modules 20 and the legion of iiitcresi vviQiiri the head is 
approximately equal to the radius of circle 58. This arrangement assures that each of sensors 2(1 
are deployed so that the predicted paQi of somce 38 lies within boundaries 24. This 
arrangement an ay 3c repcatably and easily achieved by providing three of sensors 20 mounted 
on a board equipped with a raised headrest in the center of circle 58, This optionally permits a 

25 reclining chair or adjustable examination tfcble io be easily positioned so that subject 54 is 
correctly placed relative to sensors 20 without an extensive measuring procedure, 

Positioning volume of system 40 is the set of spatial coordinates m which a location of 
of source 3S may be determined. Positioning volume of system 40 Iras a size and'or shape 
dependent upon positions of sen sor(s) 20, their design an<l/or their ptn fo]-mance characteristics* 

30 Optionally, positioning vcl-jme of system 40 can be expressed as the intersection o f boundaries 
of detection 24 of sensors 20. Optionally, two or more positioning volumes may be created, by 
using- multiple se'js of sensors 20. Optionally, these positioning volumes may overlap. 

The 3 -dimensional position of the center of mass of a radiation source 38 is calculated 
by CPU 42 from the angle 32 measured by each of sensor modules 20, given the known 
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loeaiion and m Latin n axis of each of modules 20. According to seme embodiments of the 
invention, cwurue 38 wfll be a. piece of wire with ft. Lengih of 1 to 10 mm. This range of lengths 
reflects currently LLvailable solid isotope sources 38 supplied as wires with. useful diameters and 
capable of providing el sufficient number of DPM to allow efficient ope ration of system 40. 
5 System 40 determines ihe position of the middle of this piece of wire 38 and resolves the 
determined position to a single poilE, oplionnlly indicating margins of error. 

Sensor module 20 includes at least one radiation detector 22. Radiation detector 22 is 
capable of receiving radiation Trom radiation source 38 attached to the medical device and 
producing - an output signa3 34. Radiation detector 22 may employ any technology which 

1 0 transforms incident radiation into a signal which can be relayed to CPU 42, If source 38 is a 
gamma radiation source > radiation detector 22 may be. for example, an iojuzation chamber, a 
Geigcr- Mueller Counter, a sctaiiNalkm. detector; a semiconductor diode detector., a proportion 
counter Ot a micro channel plait baaed de Lector. Radiation detectors 22 of various types are 
coraierciaJly available from, for example, EVproduels (Saxonburg PA, USA); J fiuiiziatsu 

15 Photonics (Hamsunatsu City, Shiiuoaka, Japan): Constellation Technology, (V-argo. Fl, USA); 
■Soltec {Corporation (Saol Fernando CA, USA); Thermo Electron Corporation, (Waltharn MA, 
USA); Bruker-bioscienees (Billeriea MA. USA); Saint Go-bain, crystals (Newbury OH, USA) 
and Silicon Sensor GMRT1 (Germany). A suitable commercially ava.ila.ble radiation detector 22 
can be incorporated into the context of svstem 4Q as part of sensor 20, Embodiments of the 

20 invention which rely upon a source 38 producing a small number of DPM and S types of 
detectors 22 which offer good sensitivity (i.e, high ratio between CPM and DPM) will improve 
lire performance of sensor modules 20, As the distance between sensor 2<J and source 38 
increases, this consideration becomes more relevant. Embodiments of the invention which rely 
upon source 38 wkh a greater D!PM output may permit use of less sensitive radiation detectors 

25 22. 

Various types of sensor modules 20 are described in greater detail hereinbelow, 
System 40 further includes radiation source 38 capable of providing a sufficient amount 
of radiation for location and /or tracking at a rate which will not adversely affect a procedure 
being carried out by the medical device. For most medical procedures. 10 looatiors/sscond is 
30 sufficient to allow an operator of system 40 to casJbrtably navigate the medical device to a 
desired location, Based upon results from a computerized simulation described in greater deLa.il 
hereinbelow-i the amount of radiation to meet these criteria can he made low enough that it doe? 
not pose any significant risk to s, patient undergoing a procedure of several hours duration with 
source 3S inside their body, AJter natively or additionally, the amount may be oade Jow enough 
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bO thai an operator of system 40 is noL exposed lo any significant risk from radial ion exposure 
over time as explained hurdnbelow. 

For example, using EridiiL2i-iy2 increasing the activity of radiation source 38 from 
O.ClmCi to 0.5m Ci improves accuracy only l>y a factor of 2 (Figure f^B). However, activity 
5 Levels below 0.1 mCi adversely affect response time (Figure 9A). Activities greater than 
0.1 mCi do not significantly improve response time. An activity of 0.05 mCi offers 4ti 
acceptable Irade-orT between latensy and accuracy as described in greater detaiJ herein below 
and provides a good compromise between pcrlbrmaiiec and radiation dose, 

A 0.05 ntCi source 38 meets permits srystsm 40 to achieve adeqxi&te speed and accuracy 
10 with an amount of radiation produced so low that it may be safely handled without gloves. 
Radiation exposure for the patient from, a 0.05 mCi source 38 is only eight times greater than 
average absorbed background radiation in the United States, h'or purposes of comparison to 
previously available alternatives, a 0.05 mCi source 38 exposes the patient Lo an Effective Dose 
Equrvaloul (EDE) of 0.0022 mSv/hi. A typical fluoroscopy guided procedure? has anEDE of 1- 
15 35 rtlSV per procedure and a typical Nuclear Medicine procedure Iiels an EDE of 5 mSv, Thus, 
some embodiments of tin* in volition inay be onipluyud to significantly reduce- patient radiation 
exposure. 

Medical personnel are optionally exposed to even less radiation, with the level of 
exposure decreasing in proportion to the square of the interning distance, L'or example, a 

20 doctor located one meter from a 0,05 mCi source 38 and performing procedures for 6 hours per 
dav. 5 days a wualt. 52 w^eks a. year would accumulate a total annual EDE of 0.22 mSv, This is 
approximately 5% of the radiation exposure level at which expas^ire monitoring is generally 
implemented. This level of exposure corresponds io 1.4e" 4 mSV/lir whick is orders of 
magnitude less than the 1-12 mSv/hr associated with a typical dose horn fluoroscopic 

25 procedures. 

Iridium- 192 has been used as an example because it is already approved for use in 
medical applications and is generally considered safe '.o introduce into the body of a subject. 
However this isuLupe is only an illustrative example of a suitable source 38, and should not be 
construed as a limitation of system 411. When clioosmg an isotope for use in tlie context of 
30 system 40. activity (DPM), type of radiation and/or half life may bz considered. Activity hay 
been discussed ibove. In addition, it is generally desired that disintegration events he 
delectable witr, reasonable efficiency at the relevant distance, tor example 2Q-50 cm. Long half 
lives may be preferred because they make inventory control easier and reduce total costs in rlie 
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long run by reducing waste, However, short half lives may reduce conccvr^ over radioactive 
nutfcrials and /or rany allow smaller sources to be used. 

According to some embodiments of the invention, source 3$ is a source of positron 
emissions. According 10 these embodinrcrits,. sens-ars 20 determine a. direction frorr. which 
5 photons released as a result of positron/electron collisions originaie. This difference optionally 
does not affect accuracy of el detemrined locution to ajiy significant degree because the distance 
traveled by a positron away from source 38 before it meets an electron i3 generally very small. 
Use of posi irons in source 38 can effectively amplify total ionizing radiation emissions 
available for detection. Optionally, the use of multiple detector may allow tnc dctcctton of pairs 

10 of positron annihilation events to be detected. Other examples of source types in elude gamma 
sources, alpha sources, electron sources and neutron, source:!. 

Regardless of the Isotope, source 38 may he incorporated into a medical device (e.g. 
guidewire or catheter) which is to be tracked. Incorporation may be 7 for example. aL or near die 
guidewire tip and/or at a different location in a catheter or in an implant. The source of ionizing 

15 radiation may be integrally formed with, or attached to, a portion of the guidewire or to a 
portion of the medical device. Attachment may be achieved, Ibr example by gluing, welding or 
insertion of the- source inLo a dedicated receptacle on the device. Attachment may also be 
achieved by supplying the source as an adhesive tag (e.g. a crack and peel sticker^ paint or 
glue applicable to the rn edical device, Optionally^ the source of ionizing radiation is supplied as 

20 a solid, for example a length of wire including a radioactive isotope. A short piece of wire 
containing the desired isoiope may be affixed to the guidewire or medical device. This results 
in co-localization of Lhe medical device and the source of radiation. Affixation may be 
accomplished, ibr example, by co -extruding tnc solid so-.ince with trie guidewire during the 
manufacture of the guide vviTC Alternately, or additionally^ trie source of ionizing radiation 

25 may be supplied as a radioactive paint which can be applied to the medical device and/or the 
guidewire. Regardless of the exact form in which the ionizing radiation source is supplied, or 
affixed to the guidewire or medical device, it should not leave any significant radioactive 
residue in the body of the subject after removal from the body at the end of a medical 
procedure. 

30 While source 38 is illustrated as a single item for clarity, two or more sources 38 may 

be tracked concurrently by system 4fl. System 40 may identify multiple sources 38 by a variety 
of means including, but not limited to, discrete position or path, frequency of radiation, energy 
of radiation or type of radiation. According to some embodiments of the invention* use of two 
or more resolvable sources 3S provides orientation information about the item being tracked. In 



WO lOOfr.'rjlGJGS PC T/lL2rj05.'fJ00871 

other words, these embodiments permit dete-nrination of not only a 3 -dimensional position 
defined by co-ordinates X, Y and Z, but also information about the orientation of the tracked 
object at the defined location. This feature is relevant in a medical context when a non- 
symmetrical tool is employed, 
5 System 40 may include a, channel of communication 4S capable of conveying a data 

signal between the ane or more sensor modules 2G and a computerized processing unit (CPU) 
42. Channel or communication may be wired or wireless or a combination thereof. Wired 
channels of communication include, bul una nut limited to direct cable connection, telephone 
connection via puhlic switched telephone network (PSTN), fiber oplic connection and 

1 0 construction of system 40 as an integrated physical cnit with no externally apparent wires. 
Wireless c bums Is of communication include, but are not limited to infrared transmission, radio 
-frequency transmission, cellular telephone transmission and satellite mediated eommmiication, 
Tfrs exact nature of channel oi eoimnunicatiarj 48 is not central LO operation of system 40 so 
long as signal transmission permiCs '.he desired refresh rale. Channels of communication 48 

15 may optionally psnrit syUcm 40 lo be operated in the content of telemedicine, Alteiliaicry; ot 
additionally, channels of communication 48 may serve to increase ihe dis Lance between source 
38 and medical personnel as a means of reducing radiation exposure to the medical personnel 
to a desired degree, 

CPU 42 is designed and conFigured u> receive output signal 34 via channel of 
20 communication 48 and trail slate output signal 34 to directional information concerning 
radiation source 38. This directional information may he expressed as, for example, a plane in 
which radiation source 38 resides. Output signal 34 includes at least rotation angle 32. 
Optionally, output signal 34 may also include a signal strength indicating component mcicating 
receipt of a signal from source 35, Receipt of a signal from source 38 may be indicated as 
25 either u binaiy signal (yes/no) or a signal magnitude (e.g. counts per minute). Accord big to 
various embodiments of the invention, output signal 34 may be either digital or analog. 
Translation of an analog signed to a digiL£] signal may be performed either by sensor module 20 
or CPU 42. In some cases* locating radiation source 3S in a single plane is sufficient. However, 
in most embodiments of the invention., it is desirable that CPU 42 receives two of output 
30 signals 34 and computes an intersection. If output signals 34 are expressed as planes, this 
produces a linear hileiBouiion 44 of two of the planes. This locates radiation source 38 upon the 
linear intersection 44, Optionally^ results 44 of this calculation are displayed on a display 
device 43 as described in greater detail her einb slow. In additional embodiments of the 
invention, CPU 42 receives at least three of output signals 34 and computes their intersection. 
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If OUTPUT signals 34 are expressed as planes and sens no 20 are |>OS:uoned On the tliClim'fejenoc 
of circle 58 v Llaiy produces a point of intersection 44 of at least Lhree planes, thereby locating 
radiation solitcc 38 at the calculated point of intersection 44. 

Because system 40 is most often employed to track £ medica.] instrument during a 
5 medical procedure. CPU 42 is often employed to compute the point of niters; ec Lion repeatedly 
nL predetermined intervals so that a position of radiation source 38 as a function of lime may l>e 
plotted (see Figure 10 a). The accuracy of each pIoLted posiLion and of die pluL &y a whole may 
be influenced by the activity of source 38, the accuracy and response time of sensors 20 and the 
speed it which the implanted medical device is moving through subject 54, Because medical 

10 procedures generally favor precision over speed, an operator of system 40 may corn pen sate for 
deficiencies in source 38, or accuracy or re&pon&e time of sensors 20, by reducing the rate of 
travel of the medical device being employed for the procedure, l-'igure I Oft illustrates output of 
a simulated system 40 with tracking accuracy in the range of 42 mm. CHI; 42 may also 
optionally employ channel of communication 4S to send various signals to sensor module(s) 20 

15 as detai'ed hereiubelow. Alternately; ^r additionally, CPU 42 may also optionally employ 
channel of communicaiion 48 to send various signals to the nedical device. According to 
various ^mhodimcnte of the invention systarn. 40 may bo employed in the context of 
procedures including-, but not limited, to, angioplasty (e.g. balloon angioplasty), deployment 
procedures (e.g. stent placement or implantation of radioactive seeds for bracliytherapy), 

20 biopsy procedures, excision procedures and ablation procedures. 

TVbLe CPU 42 i3 depicted as a single physical unit, a greater number of physically 
distinct CPUs might actually be employed in some embodiments of the invention. For 
example, some functions, or portions of functions, ascribed to CPU 42 might be performed by 
processors installed in sensor modules 2D, Fcr purposes of this specification and the 

25 accompanying claims, a plurality of processors acting in concert to locate source 38 as 
described herein should be viewed collectively as CPU 42. 

According to some embodiments of the invention, system 40 concurrently employs 
three or more sensor modules 20 in order to concurrently receive three or more output signals 
34 and compute three or more directions indicating signal source 38. If the directions aie 

30 expressed as planes, the three or more planes intersect in a single point. However, system 40 
includes alternate embodiments which employ two, or even onc ? sensor module 20 to localize 
source 38 to a single point. This may be achieved in several different ways a3 described 
hereinbelow. 
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Accord-jr.k T to SOme embodiments of system 40 at least one of sensor module 20 is 
capable of rotating the at J east one radiation detector 22 through, a Ktrica of positions. Each 
-position is deilnod by a rotation angle 32 un that receiving the radiation from source 33 upon 
dete^lcr 22 varies with rolaLion angle; 32. This rotation may be accomplished in a variety of 
5 way s, For example, rotation inuc"a«riism 26 [flay be operated by feedback from 2H from 
radiation detector 22 according to a rule with amount of received radiation as a variable. 
Alternately, rotation mechanism 26 may be operated by a signal from CPU 42 according to a 
rule including amount of received radiation and/oT time as variables. Alternately, rotation 
meehairism 26 may rotate radiation de Lee Lot 22 a^cordin^ Lu it Hxed schedule, with no Tegard to 

10 how much, radiation impinges upon radiation detector 22 at any particular rotation angle 32. 
Rotation mectom'sni 26 may Employ a wide variety of different mechanisms for achieving 
rotatiou angle 32. Those mcolianisins include, but arc not limited to, mechanical mechanisms, 
hydraulic mechanisms , pneumatic mechanisms, electric mechanisms, electronic mechanisms 
and piezoelectric mechanisms, Optior^ally, aa independent angle measuring element 30 rcay be 

15 employed to mors accurately asccrtfJn tlic actual rotation angle 32. Although angle measuring 
el&taerj: 30 is depicted as a physically distinct component in Figures 1, 2 and 3, it could be 
physically integrated into rotation mechanism 26 without affecting performance of system 40 
10 any significant degree, Regardless of the exact operational details, the objective is to detect 
the rotation angle 32 at winch sensor module 2(1 is pointing directly towards source 3S. This 

20 angle will be referred to as the target rotation angle 32. 

According to some embodiments of system 40 > radiation de Lector 22 (Figures j, 5 f 6 A 
and 6B) includes at least one first radiation detector 22 A and al least one second radiation 
detector 22B. These embodiments oJ system 40 rely upon comparison of output signals 34 
from radiation detectors 22 A arid 22B fur each rotation angle 32. A target angle o f rotation 32 

25 wliich produces output signEds 34 from radiation detectors 22 A and 22B with a known 
relationship indicates tJiat radiation detectors 22 A and 22B are both racing source 38 to t^e 
same degree. When radiation detectors 22 A and 22'B have identical receiving areas, the known 
relationship is equality. This target angle of rotation 32 is employed to determine a plane in 
which, source 38 resides. 

30 In order to increase the sensitiviLy of system 40 to small differences between output 

signals 34 from radiation detectors 22A and 22 B it is posyible to introducij one or more 
radiation shields 36 at a fixed angle with respect to radiation detectors 22 A and 22B. Radiation 
Shield 36 causes a magnitude of the compunenL of output signal 34 from Era I radiatiou detector 
22 A and a magnitude of the component of output signal 34 from second radiation detector 22B 
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ic each vary wilh rotation angle 32 (see rigurc 3). Radiation shield 36 differentially shadows 
either radfation detectors 22 A or 22B depending upon the relationship between arigles of 
incidence 39 and 41, At some angle of rotation 32, neither radiation detector 21 A nor 22C will 
be shadowed by radiation shield 36. This angle of rotation 32 is employed to determine a plane 
5 in which source 38 resides. This configuration insures that small variations from this target 
an^le of rotation 32 cause relatively large drffercnecs in the output signals 34 from radiation 
detectors 22 A and 22 B because of the shadow effect. Therefore, use of radiation shield 36 in 
sensor module 2ft increases the sensitivity of system 40. Tbis increased sensitivity permits 
sensor mod tile 20 to function effectively eve a With a low number of detectable radioactive 
\ t) counts. 

Figure 6 A iHuslraica an additional embodimenL of sensor module 20 in which th& 
radiation shield includes a primary radiation shield 36 located between first radiation detector 
22 A and second radiation detector 2 2H. The picture embodiment also includes a series of first 
additional radiation shields (36A1 ? 36A2, and 3 6 A3) which divide first radiation detector 22 A 

15 into a series of first radiation detectors and interfere with incident radiation directed towards 
first radiation detector 22 A, 'iTie p toured embodiment also induces a series of second 
additional radiation shields (361*1,, 36)32, and 36B3) wnich divide second radiation detector 
22 B into a series of second radiation detectors and interfere with incident radiation directed 
towards second radiation detector 22B, This configuration can injure that evem smaller 

20 variations from target rotation angle 32 cause relatively large differences in \hn ouLpuL signals 
34 from radiation detectors 22 A and 2213 by increasing the shadow effect in proportion to the 
number 01 additional radkLion shields (3GA1, 36 A 2, 36 A3, 36Bt, 36B2 t and 36B3 in the 
pictured embodiment). Therefore^ use of additional radiation shields (e.g. 36 Al, 36A2, 3 6 A3, 
36BK 3.6B2, anc] 36B3) in senior module 20 may serve to achieve an addkiona] increase in 

25 sensitivity nf system 40, Optionally, secondary radiation shields (36A1, 36 A2 f 36 A3, 36B1, 
36B2, and 3<£B3 in the pictured embodiment) are inclined towards primary radiation shield 36. 
The angle of secondary radiation shields 36A1, 36A2 r 36A3, 36B1,. 36B2, and 36B3 towards 
primary shield 36 can be changed^ for example s using a motor to improve foeUs and/or define 
imaging volume. 

30 A similar effect may be achieved by holding radiation detectors 22 A and 22B at a fixed 

angle and subjecting radiation shield(s) 36 (Tigure 6B) to angular displacement. There for s, 
systsm 40 also includes embodiments in whbh radiation detector 22 includes at least one first 
radiation detector 22 A and at Issst one sscond radiation detector 22E and output signal 34 
includes distnete components from detectors 22A and 22B with at least one radiation shield 36 
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rotatablc about an axiw of sMcld rotation through an angle of shield rotalioii 32 so that a 
magnitude of discrete components of output signal 34 from detectors 22 A and 2211 each vary 
as a function of the angle of shield rotation 32. 

Referring now to Figure 5, alternate embodiments of sensor module 20 of system 40 are 
b coiiFig-jrcd so that radiation detector 22 includes a plurality of radiation dstectora 22 and a 
plurality of protruding radiation shields 36 interspersed between the plurality of radiation 
detectors 22, According to these embodiments, plurality of radiation detectors 22 is organized 
In pairs, each pair having a first member 21 and a second member 23 and each, protruding 
radiation shield 36 of the plurality of protruding radiation shields is Located between first 

10 member: 21 and second member 23 of the pair of radiation detectors 22. According to this 
embodir.icnt ) sensor module 20 is capable of rotating the radiation detectors 22 through a series 
of rotation ang les 32 so that the receiving the radiation from radiation source 38 upon radiation 
de Lectors 22 varies with rotation angle 32, Each radiation detector produces an output signal 
34. CPU 42 sums outpiE'. signals 34 from alt first member* 21 to produce a first sum and all 

15 second members 23 to produce a second sum. Assuming that all of radiation detectors 22 are 
identical, whan the sensor is aimed directly at tine center of mass of source 38 (target rotation 
angle 32 X the nrst sum and the second sum are equivalent. This embodiment insures that the 
total output for the entire mod tie 20 increases rapidly with even a very slight charge in 
rotation angie 32 in either direction. Alternately, or additionally, the sign of the total output for 

20 the entire module 20 indicates the direction of rotation required to reach the desired rotation 
angk 32 at which total output lor the entire module 20. Thus, this configuration serves to 
increase both speed of operation and overall accuracy of system 40. This type of sensor module 
20 may he operated (for example) by implementation of a Inst algorithm summing gamma ray 
impacts from source 3& tor a period of tune and allowing CPU 42 to decide, based Ott the sign 

25 of total output for the entice module 20, in which direction and to what degree to rotate 
radiation detectors 22 in an effort to reach a desired rotation angle 32 , Alternately , CPU 42 
^nay (lor example) implement a second algorithm rotates radiation detectors 22 a very small 
amount in response to every detected count. Performance data presented herein is based upon a 
simulation of the second algorithm, but the first algorithm is believed to be equally uselilL 

30 According to additional embodiments of system 40, a single sensor module 20 maybe 

employed to determine t™ inter seeting planes in which source 38 resides. This may be 
achieved, for example, by revolution of sensor module 20 or "by moving sensor module 20 to a 
new location. 
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According to some embodiments of the invention, ? elisor module 20 may oe 

additionally capable of revolving radiation detector 22 about an axis of revolution 25 through 
an angle of revolution 29. Revolution is produced by it revolution mechanism 27 which may 
function in a variety of ways as described hereinabove tor rotation mechanism 26. According 
5 to these embodiments of Lie invention atick of revolution 29 is included as a component of the 
orientation of sensor module 20 and is included in output signal 34. Revolution may be 
employed m the context n£ any or all of the sensor module 20 configurations described 
hereinabove anc hcrcinbelow. Revolution may oc-cur ? for example, in response to a revolution 
signal 46 trails nulled to sensor module 20 from CPU 42 via channel of communication 48. 

10 According to additional embodiments of the invention, sensor module 20 includes a 

locomotion device 31 capable of imparting translation a I motion 33 to module 20 so that Lhe 
location of moduLc 20 is changed. Locomotion may be initiated, tor example, in response to a 
transnational motion signal 46 transmitted to sensor module 20 from CPU 42 via channel of 
communication 48. According to various embodiments of the invention, locomotion may be 

15 used to either permit a single sensor module 20 to operate from multiple locations or to provide 
angular sensitivity to 3ensor module 20. In other words, IranslaLional motion may be used as a 
substitute tor angular displacement, especially in embodiments which employ at least one 
radiation slued 36. In embodiments which employs translational motional, translation of a 
a ingle sensor 21) in a first dimension permits acquisition of a first set of directional information. 

20 For example, 5n the embodiment of system 40 depicted hi Figure 4, successive vertical 
displacement of sensor 20 A could be used to determine a first plane in which source 38 resides. 
Successive horizontal displacement of sensor 20B could be used to determine a second plane in 
which source 38 resides. Alternately, or additionally, a single sensor 20 may be subject to both 
vertical and horizontal displacement. Successive vertical and horizontal displacement permits a 

25 single sensor 20 to delxarnine two non-pLrailel planes in which source 38 resides. Concurrent 
vertical and horizontal displacement, along a single line permits a single sensor 20 to determine 
a single pl^ne in which source 38 resides. Determination of intersection of 2 or 3 or more 
planes is as determined above. Optionally locomotion and revolution may be employed in the 
same embodiment of the invention. 

30 Optionally, system 40 furthei' includes an imaging module 50 including an image 

capture device 56 capable of providing an image signal 52 to CPU 42. Imaging module 50 
optionally inchrdes an interface to facilitate communication with CPU 42. CPU 42 is capable 
of translating image signal 52 to an image of a portion of the body of subject 54, According bo 
various embodiments of the invention, imaging module 50 may rely upon fluoroscopy, MRI, 
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CT or 2D or multc-pJaiie or 313 angiography, For intracranial procedures, imaging generally 
need t^ot be conducted concjrr entry with the procedure. This is because the brain does not shift 
much within the sknlL images captured a day or more "before a. procedure, or a. few hours 
before a procedure, or just prior to a procedure, may be employed. According to Liteniale 
5 embodiments of the invention, image tteta is acquired separately (i.e. outside of yyslem 40) and 
provided to CPU 42 for alignment. 

Alignment methods and the algorithms for anatomical image display and racking 
informarioii overlay are reviewed hi Jolesz (1997) Radiology. 204(3) :601 -12. The Jolesz 
article, together with references cited therein, provides emblement for a skilled artisan to 
10 accomplish concurrent display and alignment of image data and tracking data. The Jolesz 
reference, together with references cited therein, are fully incorporated herein by reference to 
the same extent as if each individual reference had been hid ivi dually cited and inc-oi-poruted by 
reference. 

In an exemplary embodiment of the invention, the location^) determined by system 40 

1 5 are registered vYilh respect to the image. This may be accomplished, for example by registering 
system 40 and/or sensors 20 to image capture device 56. 

Regardless of which type of sensor module 20 is employed, system 40 may include a 
display device 43 in communication with CPU 42. Display device 43 znay display the image of 
the portion of the body of the suhject with a. determined position of the msdicul devics 

2D (coi-responding to a position of source 38) superimposed on tlie imajre nf the portion of the 
body of the subject. The superimposed determined position is optionally represented as a potm- 
en dispjay screen 43. Optionally the point is surrounded by an. indicator of a desired confidence 
interval determined by CPU 42, The confidence interval may be displayed, for example, as a 
circle, as two or riiorc intersecting lines or as one or more pafts of brackets, Alternately, or 

25 additionally, display device 43 may display position coordinates of a determined position of the 
medicai device- (o.g, y corresponding to a position of source 38 at a tip of guidewire). 

Display deviee 43 may hs provided with a 3 -dimensional angiography data set from CT, 
MTU, or 3-D angiography, imaged either during the procedure or prior to the procedure. 
Appropriate software can be employed to extract a 3-D model of the vasculature from the 

30 angiography dataset, and display this model using standard modes of 3-D model visual) zatjon, 
A 3 -dimensional graphical representation of the guidewire or catheter can be integrated into the 
3-D mode! of the vasculature and updated with minimal temporal delay based on the position 
information provided by system 40 to indicate the position of the gtiidcvvire or catheter within 
the vasculature. The entire 3-D model including the vasculature and trie catheter can be 
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zoomed, related, and otherwise interactively manipulated by the user during performance of 

the procedure in order tn provide the best possible visualization. 

Optionally, system 40 tnay turther include one or more user input devices 45 (e.g. 
keyboard., mcvise, touch screen, Lvn.dk pad, trackball microphone, joystick 01 stylus)* Input 
5 device 45 may be used to ad*?.:sl an image as described hereinabove on display device 43 andVor 
to issue eommand signals 10 various components of system 40 such as rotation mechanism 26, 
revolution mec hanism 27. locomotion device 31 or image capture devj.ee 56. 

The invention optional :y includes a sensor 20 for dctemiming a plane in which a 
radiation source resides as denicted 0 Figure 3 and described hereinabove. Briefly, the sensor 
10 20 includes at least one radiation detector 22, the at least one radiation d elector capable of 
receiving radiation frorn radiation source 38 and producing an output signal 34. Sensor 20 is 
capable of rota-tin??, radiation da Lector 22 through a series of positions, each pusilioii defined by 
a rotation angle 32 so that the receiving the radiation from radiation source 38 upon radiation 
detector 22 varies with rotation angle 32. Rotation is optionally achieved as described 
15 hereinabove. A rotation angle 32 which produces a maximum output signal mdicatsa ihe plane 
in which radiation source 38 resides. 

According to some embodiments of sensor 20, radiation dctcetor 22 includes at least 
one Erst radiation detector 22A and at least one second i^djation detector 22B and output 
signal 34 includes a. first ouipu: signal from first radiation detector 22 A and a second output 
20 s ignal fro m radiation <] ctceior 2215. 

According to some embodiments of sensor 20, at least one radiation shield 36 is further 
itistalled at a fixed angle with respect to detectors 22A and 22\l, As a result, a magnitude of vhe 
JjrsL output signal 34 from the at least one first radiation detector and a magnitude of the 
second x>utput signal 34 from radiation detector 22B each vary with rotation angle 32 a3 
25 detailed hereinabove, 

A sensor 20 for defeamii-ing a plane in %hich a radiation source resides and 
characterized by at least one radiation shield 36 rotatablc about an axis of" shield roLaLion 
through an angle of shield rotation 32 as described hereinabove in detail (Figure 6B) is an 
additional embodiment of the invention 
30 Sensor 20 for determining a plane in which a radiation source resides as depleted in 

Figure 5 and described hereinabove is an additional embodiment of the invention. 

According to alteamaie embodiments of the invention a method 400 (Figure 11) of 
deienuining t loci avion oi'a medical device within a body of a subject is provided. Method 400 
includes CO- localizing 401 a radioactive signal source 38 with a medical device. Co- 
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localizaLion inty be achieved, for example, by providing a device having a radiation source 

associated there wi Lb or by associating a radiation source with a device. 

Method 400 further includes- determining 402 a first plane in which the omni directional 
signal generator reside s ? farther determining 403 « second plane in which the omni directional 
signal generator resides, calcQhtting 404 a linear intersection of the first plane and the second 
plane as a mean* oF determining a lino upon which the medical device- resides. 

Method 400 optionally includes further determining 405 at least one additional plane in 
source 38 resides * 

Method 40Q optionally includes calculating 40 fi a point of intersection of the first plane,, 
the second plane and the at least one additional plane as a means: of determining a location of 
the medical device. 

Optionally, method 400 is successively iterated 408 so that a series of lc cation are 
generated to track an implanted medical device in motion. Calculated locations may be 
displayed 410 in conjunction with atiatoniiua] imping data if desired. 

'J 'he various aspects and features of system 40 and/or sensors 2D described in detail 
hereinabove may be employed to enable or enhance performance of method 400, 

SysLem 40 and method 400 may emplo> various mathematical algoridims to compute 
lf_e location of source 38, One example of an algorithm, suited for use in the context of some 
embodinrLBT.ts of the invention calculates the position of source 38 from sensor output signal 34 s 
sensor position, and sensor orientation (i.e. rotation angle 32) of three sensors as follows: 

1 ) the plans defined by each sensor module 20 is calculated using an equation of the form 

A*+By+Cz = D 

2) the coefficients A.B*C, and D are calculated as follows: 

a. Three non-collinear points are defmcd within sensor 20 ? s internal reference 
frame. 

b. These Lhree points are then shifted by the position of sensor 20 and rotated by 
the sensor orientation. This defines the plane in which source 38 would lie if 
ouLpu: signal 34 was zero, 

e. These tfu ee points are then lotaLed about the axis of rotation angle 32 of sensor 
20 by rotat;ot: angle 32 indicated by output signal 34. This defines the plane in 
which source 38 lies as measured by a particular sensor 20- 

d . Using the x,y,z coordinate s of the th rce po ints, x 1 f y I ,zl , x2,y2 y z2,x3 ,y 3 : z3 in the 
following equations, A, B s C, and D arc calculated a* follows : 
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l A = y I(a2-E$) + y2{z3-zl) - j^(zl-z2) 

ii. B-zI(x2-x3)-l-j!2tx3-xl) i z3(xl-x2) 
i ti. C - x 1 (y2-y3) + K 2{y3-yl ) + x3(y L-y2) 
iv. D = xl(y2*z3-y3^z2) + x2(y3*zl-yl*;i3) ~ x3(yl *z2-y2*zl) 
3) Calculation of A, B, C, and D far each of three sensors 20 produces a system of three 
equations in three unknowns: 
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This system of equations can he solved to provide an exact sol u Li on for (x ? y,s) (or part 
of Lhe vector), the. point of inter section of the three pLanes : which is the position of the 
source 3& 

Use of additional sensors 20 improve* die accuracy by averaging the errors in the individual 
sensors, and may also provide e means of est i taming the accuracy of the position measurement 
by indicating the extent to which the senswrs agree with each other, 

When 4 or mors sensors are used, the algorithm is as follows: 

Stops 3 and 1 above remain the same - the equation of the plane indicated by each sensor is 
calculated. Step 3 is modified as follows: 

3) Once A, B, C, ard D have been calculated for each of the SCnSOrs an oyetr-detcrrrrrned 
system af more than three equations in three unknowns results; 
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This over-determined system can be solved in a least square sense using methods 
familiar to those skilled in the art in order to obtain the best solution for (x^z), which 
ia the most likely position of the tracked element. There is generally no sxaot solution 
due to the error in the sensor outputs, there may he nc single point through which all of 
the planes pass. 

In order thst the least square solution may be based on the error defined by the 
Euclidian distance between each plane and the solution for fx,y,z), it is necessary to 
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seate all of the coefficients defining each plane by the lengths of their respective 
Normal veslors (the Normal vector is the vector defnied by (AJ3.C)). This is done by 
dividing A, B. C, and D by sqrt (A A 2 + B A 2 + C A 2) bstbrc performing the least square 
solution. 

5 4) The Euclidian distance between each of the planes and the calculated position can be 

used as a measure of the accuracy of the position measurement. Once the coefficients 
have iieen scaled by (hi lun^lh of Hue Normal vector this distance can be calcinated for 
each sensor as Ax+By-K^z-D. The mcp^i value of the distances from each plane to the 
ca" Ciliated position gives a measure of the extent to which all of thj& sensors agree on the 
~i 0 position that was CEtleuiatsd. 

Overdetermined" systems of equations may be solved u<ung least square solution algorithms. 
Suitable least square algorithms, are available as components of com ms re [ally available 
niaLhematies software packages. 

Optionally, other methods of solving equation sets as known in the an are used- OptiorjiUy, 
15 instead of a seL of equations, other calculation methods are used, for example, neural networks, 
rcJe based methods and table look up methods in which the signals from the sensors are used to 
look-up Or estimate u res Lilting position. In systems where the sensors move linearly, other 
solution methods may be used, for example, translating linear positions of the sensors into 
spatial coordinates of the source. 
20 hi order to increase the accuracy and performance of system 40 and method 400, advance 

calibration may optionally "b-s perlbroicd. The position and orientation of each of the sensor 
modules 20 can be calibrated instead of relying upon values b&sed on the mechanical 
manufacturing of the system, The calibration proeediue involves using system 40 to measure 
the 3- dimensional position of a source 38 at a number of known positions defined to a high 
25 degree of accuracy. Since the position of source 38 is known, ihs equations normally used to 
calculate die positions (described above) can now be used with tine sensor positions and 
orientations as unknowns in order to solve for these values. Various minimization procedures 
arc known in the art. The number of measurements needed to perform such a calibration may 
depends on the number of sensor modules 20 in system 4tk sin.ee it is useful to make enough 
30 measurements to provide mere equations than unknowns. This calibration proee-dnre also 
defines the origin and frame of reference relative to wrnc-h system 40 measures the position of 
the source, and can therefore provide alignment between the tracking system and another 
system to which it is permanently attached, such as a fluoroscopy system or other imaging 
system. 
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In an exemplary embodiment of Che invention, mice a position of the source is known, the 

sensors can remain aimed at the source and noi change their orientation. Optionally, if the 

source moves s determined for examtfe, by a. signiiicum- change in detected racialion (e.g.. a. 

diop of 30^ 50%. 70%, 90% or a greater oi- intermediate drop) ; the sensor is moved to scan a 
5 range of angles whura the source is expected to he in. Optionally, the sensor generates a signal 

indicating on which side of the sensor the source is located, lor exm^ple described below. 

Optionally. Lhc rangs uf scanning depends on tin expected angular velocity of the source, for 

exa(nple : based on the procedure, based un the his lory and/or based on a user threshold. If 

scanning within the range fails, die range is optionally increased. 
10 Optionally, if multiple target sources are provided (e.g., ones with different count rates 

and/or diCTtireni energy of emission), the sensors jump between target angles. Optionally, a 

sic iitl y sweep between a range of angles encompassing the two (or more) sources is provided. 

Optionally, sleeping is provided by ultrasonic or sonic vibration* of the sensor or part thereof, 

tor example, comprising a range of angles 1*5, 10, 20. 50 or more times a second. Optional^ 
[ 5 Cue ainpli Lucie of Hie vibration determines the range of angles. Optionally, the sensors or sensor 

portion is in resonance with, one or more vibration frequencies. 

Optionally, scanning of the sensors, at least in a small ran^e of angles, such as less than 

10 or less than 5 or less than 1 degree,, \n provided even when the tensor is looked on a target 

source. 

2(1 Tlic tracking accurac> of system 40 using Iridium.- 192 as source 3S els described 

hereinabove has been evaluated only by computer simulation. The simulation is a model of the 
random distribution of gamma photons emitted by a source 3S within a model head and 
absorbed by the phu ion- sensitive elemenLs 22 in a com pound differential sensor unit 20 of the 
type illustrated in Figure 5. According to the simulation, radiation detector 22 of sens or module 

25 20 rotates so that a new rotation angle 32 is defined every time a photon is absorbed by 
detector 22. If the photon is absorbed by a positive radiation detector 21 then radiation detector 
22 of sensor module 20 rotates in the pOhitivi; direction, and if it us absorbed by a negative 
sensor 23 then radiation dsiector 22 of tensor module 20 rotates, in the negative- direction. Total 
output signal 34 of sensor module 20 is its average orientation during the sample time. 

30 

According to the simulation, performance is defined by two parameters, however ether 
parameters mav be used in a practical system: 

1) The Root Mean Square (RMS) error when the target is stationary 
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2) Tht; iirr«s to indicate a 9;zn change in calculated location fcfler a 1 Oram change in actual 
location of source 38, 



Trtf following ncraritictcr values arc fixed in the sirraiiatjon: 

1 ) Distr.r.ce from the source to the sensor — 25cm (worst case distance) 

2) Source distance for which sensor 13 geometrically optimized - 25cm 

3) Widlh of photon-sensitive surface in each sub sensor = 2mm ( 1 8 in figure 5) 

4) Sensor length - 10cm (14 in Figure 5) 

5) Height of dividing walls between sensors = 5cm (35 in Kigure 5) 

6) Width of dividing wUk at their base _ 4ir.m (37 in Figure 5) 

7) Number of subsensors defined by walls in the compound sensor - 7 (36 in Figure 5) 

8) Sensor sensitivity (fraction of incoming gemma rays which, are detected) =0.3 

The shmikiion evaluated and optimized the following parameters with respect to influence nn 
perfoTmance; 

1) Rotation magnitude per absorbed photon (Figures 7a and ?h) 
2> Sample lime {Figures 8 A and 8B) 

3) Photons per second (source activity bwl) (Figures 9 A ajocl 9B) 
4} Overall tracking accuracy (Figures 10a and LOb) 

The simulation determined that as rotation per photon impact increases, response time is 
improved (Figure 7a), However, as rotation per photon fmpacL increase, RMS position error 
also increases (Figrre 7b), There is clearly a trade-off' between l&Lcncy end accuracy. This 
parameter can be modified in real-time in order to optimize me irade-ofF using a motion 
detection algorithm as described, hsrehbelow. 

The simulation detennined that sample time no significant impact on latency or accuracy 
(Figures 8A and SB). This is because for smaJL values nf rotation per impacL, the number i>f 
impacts per sample has niniimal effect on accuracy at*d only determines the latency (die total 
amount of rotation per sample). However, if the number of impacts peT sample ih reduced as a 
result of a reduction in the sumpfe time, then the reduction in sample time exactly compensates 
tn r the reduced response per sample leaving the latency unchanged. 

Radioactivity (number of photons emitted per second) has a very slight effect on accuracy, 
improving accuracy only by a factor of 1 as the activity increases from 0.01 mCi tip to 0,5mCi 
(Figure 93). It bts a drastic effect on response time at low activity levels (Figure 9 A) where 
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there simply r^re not enough photons to induce rapid rotation, however at activity levels above 

0. ImCi there is minimal improvement with increased activity level. Optimization of this trade- 

o:l" between latency and accuracy (see beJow) is achieved with 0.05mCi. This specific activity 

provides a good compromise between performance and radiation dose, providing a 

performance suitable for a lypical medical application without imposing a safety risk to the 

patient or doctor. 

fn order io optimize the tradeoff between accuracy and latency a motion detection 
algorithm wa,s employed to increase the rotation per phuton during motion of tracked source 
38. This decreased latency time and increased accuracy. In the simulation, the percentage of 
photons hitting receiving elements 22 classed els positive 21 versus those classed as negative 23 
was used as an indication of motion of tracked source 38, As the percentage moved farther 
away from 50% Uic rotation per photon was increased, reducing latency at the expense of 
accuracy during motion, in oilier words, system 40 begins by moving towards an estimated 
target rotation angle- 32 in large steps. As estimated terget rotation angle 32 fa approached, the 
size of the steps is decreased. If target rotation angle 32 is passed, b. small compensatory stop in 
the opposite direction is employed. Results are summarized graphically in Figures 10a and 10b. 
Brietly : the RMS error of system 40 tracking £ moving source 38 :s 0.71 mm on average. 
Location of a stationary source 38 by system 40 produces an rms error of 0-62 mm. 

In summary, the simulation results indicate that with an activity of 0.05mCi of 1 92Ir, 
compound differential sensors of the type illustrated in Figure 5, and a motion detection 
algorithm which trades-off latency agadnsi accuracy, system 40 can achieve overall accuracy of 
approximately 1mm RMS. 

Simulated sensitivity of sensor module 20 to changes in rotation angle 32 is illustrated 
in Figure 12 which is a plot of output signal 34 as a function of rotation relative to target 
rotation angle 32 tor a aciisor of ths type indicated in Fijciae 5. The graph was produced using 
the formula: 

Total Output 34 A/ (A+B) 

Where A is the sum of all right side sensors 2 1 : and 
B is the sum of all left side sensors 23 and B 

The total range of output 34 (Y axis) from sensor 20 was arbitrarily defined as being in 
a range from 0 to 1, On the X axis, 0 indicates the an^le of rotation 32 which indicates the 
direction of source 38. Hie total rotational ran&e of sensor 20 was ± 32 milliradians from this 
target rotation angle 32, Deviation of more tha^ 32 millfradians away ftoni target rotation angle 
32 produced en output 34 of either 0 or 1 , Indicating Ihe direction of rotation for a return to 
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target rotation an^le 32,, but nol Lhe am cunt of rotation to reach target rotation angle 32, When 

output 34 is 0 or 1 , flit only conclusion lliat can be drawn about deviaLion from target rotation 
angle 32 is that it 1h greats Ch&n 32 mi) li radians in the indicated direction. 

The wrupb of Figure 12 depicts output 34 for target rotation angle 32 as the middle- of 
5 the dynamic range (0.5). Therefore, if output 3-4 is 0,6, a correctional rotation of 1 (.1 milliradiaiis 
in the plus direction is indicated to achieve target rotation angle 32. An output 34 of 0,6 
inclcifctcs a correctional rotation with lie same magnitude (10 milliraoians). but in the minus 
direction. Another way of depicting the same information would be to indicate a total dynamic 
range of I 0.5 to -fl.5 on the V axis. This middle of the range could be zero, with one direction 

10 being positive and the- other negative, or it can be aii3 f arbitrary number, with one direction 
being higher and the other lower. 

As illustrated in Figure 12, at target angle 32 simulated sensitivity of sensor 20 to 
rotation is approximately 1% of the dynamic range per m M1 i radian of rotation. 

This \% sensitivity per milliradian is sufficient to provide the desired accuracy (1mm 

13 mis), using a 5 cm X 10 cm sensor module 1%) with shields 3b having a height 35 of 5cm 
interspersed "between radiation detectors 22 and located 25cm from source 38 with an activity 
of O.CSmCi. Adjusting accuracy parameters, increasing Lire size of detectors 22, reducing the 
distance "between sensor 20 and source 38 and increasing the activity of source 3S could each 
serve lo reduce :hs level of directional sensitivity desired of sensor 2D, 

20 Simulation Tcsults (not shown) using a sensor 2-0 of the type shown in Figure 6 A were 

similar to those described hereinabove. 

System 4i\ and/or sensors 20 rely upon execution of various commands and analysis 
and translation of various data inputs. Any of these commands, analyses or translations may be 
accomplished by software, hardware or firmware according to various alternative 

25 embodiments. In an exemplary embodiment of the invention, machine readable media contain 
instructions for transforming output signal 34 from one or more seiisor modules 20 into 
position co-ordinalos of source optionally according to method 400. In ail exemplary 
embodiment of Che invention, CPU 42 executes instructions for transforming output signal 34 
front or-e or more sensor modules 20 into position co-oixiinates of source 38, optionally 

30 according to method 400, 

According to an exemplary embodiment of the invention a traekabb medical device is 
manufactured by incorporating into o.r tixedly attaching a detectable amount of a radioactive 
isotope to the medical device. The radioactive isotope may or may not have a medical function 
according to various embodiments. OptionpJly, the radioactivity of the isotope has no medical 
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functcon. Optionally, the radioactive isotope may be selected so that it can b; used in the- "body 
without a protective coating without adverse reaction with tissue. In an exempfary embodiment 
of the inveroein, the delectable amount of fcolcpe ir m the range of O.rimCi to 0*001 mCL Use 
of Isotope source with an activity in the lower porLioii of 1his range may depend on lower 
5 speeds of ths device, sensitivity of dstector(s) 22 r distance from sensor 20. Optionally, at Jeast 
1, optionally at least 5, optionally (ft 1sa«rt 10, optionally aL least 100 detectable counts per 
second are produced by Qie incorporated radioactive isotope. 

In the description and claims of the present application, each of the verbs "comprise", 
k 'include** and "here" as well ns any conjugatCE- thereof are used to indicate that the ubject or 

] 0 objects of Ihe verb are not necessarily a complete listing of members, components,, elements or 
parts of the subject ot subjects of ths verb. 

The presenL invention has been described using delaued descriptioaq of embodiments 
thereof that are provided by way ol example and ars noL intended to necessarily limit the scope 
of tbe invention. The described embodiments comprise different features, not all of winch are 

15 required in all embodiments of ihs invention. Some embodiments of the invention utilize onJy 
soma of the iatnrei or possible combinations of the features. Variations of Embodiments of Ihe 
pry seir. invention that are described and embodiments of the present invention comprising 
diffcrerkt combinations of features noted in the described embodiments can be combined in all 
possible combinations including, but not limited to use of features 'described in the context of 

20 one embodiment in the context, of any other embodiment. The scope of the invention t3 limited 
only by tbc foil own g claims. 
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